Radiative recombination transitions into the ground state of cooled bare and hydrogen-like uranium ions were measured at the storage ring ESR. By comparing the corresponding x-ray centroid energies, this technique allows for a direct measurement of the electron-electron contribution to the ionization potential in the heaviest He-like ions. For the two-electron contribution to the ionization potential of He-like uranium we obtain a value of 2248 ± 9 eV. This represents the most accurate determination of two-electron effects in the domain of high-Z He-like ions and the accuracy reaches already the size of the specific two-electron radiative QED corrections.
Helium-like ions are the simplest and most fundamental atomic multi-body systems.
Structure investigations of these systems along the isoelectronic sequence up to the heaviest species uniquely probe our understanding of correlation, relativistic, and quantum electrodynamical effects. Compared to low-Z ions where binding energies are affected most significantly by the non-QED contributions to the electron-electron interaction, the situation is distinctively different for He-like ions at high Z. At such conditions the bound electrons are exposed to extreme nuclear Coulomb fields of about 10 16 V/cm which are close to the critical field strength where spontaneous electron-positron production is expected to occur [1] . These strong external fields significantly alter the electron-electron interaction of the two strongly bound electrons via relativistic and quantum electrodynamical effects [2, 3] .
As a consequence it is expected that correlation and the specific QED corrections for the electron-electron interaction are of the same order of magnitude providing a challenge for theoretical description.
Recently, a significant progress took place in theory, where a new generation of relativistic many-body calculations has established improved benchmarks for the non-QED part of the electron-electron interaction [4] [5] [6] [7] . For the groundstate the progress achieved is particularly impressive since even the specific two-electron radiative QED corrections can nowadays be calculated without any approximations and all the two-photon exchange diagrams for the electron-electron interaction are considered in a complete fashion [2, 3] . As a consequence, the theoretical accuracy for the electron-electron contribution to the ground-state ionization potential of He-like ions at high-Z is claimed to be comparable or even better than the one currently available for the one-electron part. Therefore the ground state of high-Z Helike ions is of particular relevance for probing bound-state QED in strong fields since to date, the two-electron contribution to the ionization potential in He-like systems is the only measurable value which has been calculated completely to second order in α [8] .
In this letter we report a first measurement of the two-electron contribution to the ionization potential for the heaviest ion available to experiments, i.e. He-like uranium. The experiment, conducted at the ESR (Experimental Storage Ring) at GSI-Darmstadt, is based on a novel experimental technique introduced at the Super-EBIT device which exploits radiative recombination (RR) transitions into the vacant K-shell of H-and He-like high-Z ions ( Fig. 1 ) [9] . This allowed us to measure the ionization potential of the He-like species with respect to the H-like ions and to determine the two-electron contribution to the ground state is an additional distinctive feature of this particular kind of QED test. In contrast, all other atomic-structure experiments at high Z such as 1s Lamb shift [10] [11] [12] [13] , bound state g-factor [14] , hyperfine splitting in hydrogen-like ions [15] [16] [17] [18] or 2s-2p transitions in heavy Li-like systems [19] [20] [21] encounter the issue of large nuclear effects which may mask the physics at strong fields. typically achieved at the ESR is determined by the uncertainty of the absolute velocity.
However, for our present study where an energy difference of about 2.2 keV (emitter frame)
has to be determined this would introduce an uncertainty of less than ±0.1 eV only.
For the experiment, bare and H-like uranium ions were injected, in alternate order, at the initial energy of close to 360 MeV/u into the ring and cooled by an electron beam of 300 mA. After the initial accumulation and cooling, the ions were decelerated to the final beam energy of 43.6 MeV/u using a technique which is routinely available at the ESR. At the final stage of beam handling the electron cooler was switched on again at the energy which corresponds to the energy of the decelerated ions. Here an electron beam current of 100 mA was used. Applying this procedure typically 2×10 7 ions were decelerated. Moreover, because the key feature of the experiment is a relative measurement of RR into the K-shell of initially bare and H-like uranium, we changed three times between the two charge states during the experiment. Compared to a simultaneous storage of both species, also possible at the ESR, the method used had the advantage of allowing us to measure the x-ray emission in coincidence with the down-charged ions.
For the experiment, the 0 • x-ray detection apparatus at the ESR cooler section was used, an enviroment which was already exploited in great detail in first Lamb-Shift experiments at high-Z by Beyer et al. [12] (a sketch of the experimental setup is displayed in Fig. 2) . Here, A very important aspect of the present experiment was an accurate determination of the x-ray energies. Although the intrinsic linewidth of the Ge(i) detector for the energy range of relevance is about 700 eV, the small energy difference between two closely spaced lines can be determined with high accuracy [23] . In order to take advantage of this property, a projectile energy of 43.59 MeV/u was chosen. At this particular beam energy the Doppler shift close to 0 o allowed us to park the 177.214 keV γ-ray line of 169 Yb, used for calibration, just in between the K-RR lines for H-and He-like uranium. This is shown in Fig. 3 , where the observed X-ray spectra for capture into bare and H-like uranium ions are shown together with the calibration spectrum. Here, we have to add that in order to gain control over possible electronic drifts the detector was regularly calibrated, in two to four hour intervals.
The x-ray spectra for each detector segment were recorded event-by-event in coincidence with the events derived from the particle detector. For this purpose Tennelec TC244 NIM amplifiers and 8k ORTEC AD413A CAMAC ADC modules were used. The data analysis closely followed the one discussed in Ref. [9] . The data were divided into individual groups and were analyzed separately. The RR line centroid positions were determined from leastsquares fits using a Gaussian peak shape with a shelf on the low energy side [23] . Since, the RR lines for the bare and the H-like ions were measured in individual runs, the RR centroid energies were always determined relative to the closely spaced 177.214 keV γ-ray line of 169 Yb. Using the 177.214 keV calibration line as a reference, the relative energy separation for RR into the bare and H-like ions were determined for each detector segment separately, 6 to 3059 ± 22 eV, 3029 ± 17 eV, 3098 ± 36 eV [24] . This corresponds to a weighted [22, 24] . In our experiment (U e =23.913 kV) ∆U e is given by ± 5 V
and we obtain ∆β = ±2.9 · 10 −5 . Accordingly (see Eq. 1) the Doppler correction factor is determined to 0.737309 for the first strip, 0.737317 for the second and 0.737327 for the third strip, with an uncertainty introduced by ∆β of less than ± 3.2 · 10 −5 . The latter is the same for all the three different strips and corresponds to an uncertainty of ±0.071 eV on an absolute scale. The uncertainty caused by ∆θ is more than one order of magnitude smaller. Here we like to emphasize, that because of the combination of the 0 • geometry and the deceleration technique the systematic uncertainties introduced by ∆θ and ∆β do not affect the final accuracy achieved. In contrast, the result is entirely limited by counting statistics. Therefore, from a Lorentz transformation into the emitter frame, we obtain a value of 2248 ± 9 eV for the two-electron contribution to the ground state ionization potential in He-like uranium.
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Charge al. [3] and the result from the Super-EBIT [9] at Z = 83. All energies are given in eV.
The experimental result obtained for the two-electron contribution is given in table 1 in comparison with the theoretical calculations of Yerokhin et al. [3] . In addition we compare with the experimental result obtained for Bi (Z=83) in a former experiment at Super-EBIT [9] . From the table an excellent agreement between our experimental result and the theoretical prediction can be stated. This theory takes into account the electron-electron interaction complete to second order in α [3] . Beyond the first-order one-photon-exchange contribution it also comprises the non-QED contribution of the two-photon exchange as well as the QED two-photon exchange part also called the box and the ladder diagram. Most important, the radiative two-electron QED contributions are considered to second order in α in a complete fashion. This two-electron Lamb shift comprises both the two-electron self energy (self energy screening diagrams) and the two-electron vacuum polarization (vacuum polarization screening diagrams) [3] . Note, that compared to the QED calculations for high-Z H-like systems, where some higher-order QED effects are still uncalculated, the claimed theoretical uncertainty for the two-electron QED contribution is very small and, for the particular case of He-like uranium, estimated to be of the order of 0.1 eV only. Also, we have to add that the theoretical treatment of Yerokhin et al. [3] is in excellent agreement with a further theoretical approach by Persson et al. [2] , based on relativistic many-body perturbation calculations, which also comprises all specific two-electron QED effects to second order in α. Most importantly, as has been shown by Persson et al. [2] and Yerokhin et. al. [3] , these specific two-electron QED effects are almost completely unaffected by the uncertainties of the nuclear-charge radius, one of the most serious limitations for the QED tests in high-Z one-electron systems. As can be deduced from the experimental and theoretical results presented in the table the experimental data provide a meaningful test of the many-body non-QED part of the electron-electron interaction. In particular, the accuracy of the present experiment has reached the size of the two-electron self energy contribution, i.e. of an α 2 radiative correction.
In summary, radiative recombination transitions into the ground state of cooled bare and hydrogenlike uranium ions were studied at the storage ring ESR, allowing for a direct measurement of the electron-electron contribution to the ionization-potential in He-like uranium. Compared to former experiments at Super-EBIT, this experiment allowed us to extend our knowledge about the electron-electron interaction in the ground state of He-like ions up to the heaviest stable element, i.e. 238 U 90+ whereby the sensitivity to the specific two-electron QED effects of α 2 could be improved by a factor of two. The experiment yields the most accurate determination of two-electron effects in the domain of high-Z He-like ions and reaches already the size of the calculated specific two-electron self-energy correction. In contrast to the H-like ions at high Z, only a moderate improvement of the already achieved accuracy is required to provide a measurement of higher-order QED effects in the absence 8
